Introduction
, suggests that NO activation involves an interaction with the clusNitric oxide (NO) is a highly pervasive cellular signaling ter. However, alternative mechanisms of activation, molecule. Its scope of action touches on the functions such as oxidation of the metal sensor mediated indiof most organ systems and on many types of cellular rectly by the oxidative milieu, have more recently found response. To achieve such diversity of effect, the cell favor (Hidalgo and Demple, 1994; Wu et al., 1995;  Hicapitalizes on a redox-sensitive signaling circuitry in dalgo et al., 1995) . which metal-and thiol-containing proteins are integral
The descriptions of transcription factors exerting NOcomponents. Covalent attachment of NO to these metal responsive control of gene expression have not revealed or thiol centers is a common theme in regulation of the molecular basis of NO regulation. We were intercellular functions (Stamler, 1994) . For example, the NOested in the possibility that S-nitrosylation might serve heme interaction in cytosolic guanylate cyclase (Stamler as the functional switch in transcriptional activation. et al., 1992a) partly confers NO-responsiveness to vasProkaryotes are ideal systems for this type of study for cular smooth muscle and platelets. On the other hand, two reasons. First, the effects of NO and RSNO can be S-nitrosylation of p21 ras triggers the immunostimulation easily examined under anaerobic conditions that simof lymphocytes . plify their chemistry. Second, RSNOs that form under There is increasing appreciation for the many NOinflammatory conditions (Gaston et al., 1993) and within related activities of which NO itself is incapable. This is immune effector cells (Clancy et al., 1994) have profound perhaps best exemplified by, but not restricted to, the bacteriostatic effects (Incze et al., 1974 ; Morris and Hanlist of pathogens resistant to NO but constrained in sen, 1981; DeGroote et al., , 1996 ; reviewed by growth by NO-related species, including S-nitrosothiols DeGroote and Fang, 1995; . It would there-(RSNOs; Incze et al., 1974; Morris and Hansen, 1981;  fore be of advantage to pathogenic microorganisms to Rockett et. al., 1991; Stamler, have inducible mechanisms to protect against these 1995), which form in high concentration in infectious compounds. Candidate transcription factors responsive and inflammatory states (Gaston et al., 1993) . Their prefto S-nitrosylation would contain allosteric site thiols erential reaction with sulfhydryl groups of proteins prowhose covalent modification is known to induce a convides evidence for the molecular basis of the functional formational change. effect (i.e., microbial stasis) and the selectivity of NOThese criteria are met by OxyR, the hydrogen peroxide related compounds. Specifically, S-nitrosylation of pro-(H2O2)-responsive activator of antioxidant genes in teins probably serves as the function-regulating interEscherichia coli and Salmonella typhimurium. The genes controlled by OxyR include catalase/hydroperoxidase action in cellular control mechanisms; but not all (katG), glutathione reductase (gorA), and alkyl hydroperoxide reductase (ahpCF). Their expression confers resistance to H 2 O 2 (Christman et al., 1985) . One of six cysteine residues in OxyR is essential for activity. Specifically, oxidation of this cysteine residue to a sulfenic acid (S-OH) by H 2 O 2 is thought to be the molecular event underlying activation (Storz et al., 1990; Kullik et al., 1995) . It is intriguing to speculate, then, that an S-NO modification of OxyR (e.g., by RSNOs) may lead to a conformational change similar to that caused by an S-OH modification (by H2O2) and thus to transcription of OxyR-controlled genes.
Upon activation by cytokines or endotoxin, leukocytes produce NO-related and O2-related species. This "innate" immune response (Nathan, 1995) imposes an oxidative and nitrosative threat to bacteria, the physiological relevance of which has been firmly established (Nunoshiba et al., , 1995 DeGroote et al., , 1996 MacMicking et al., 1995) . Thus, a redox-stress sensor capable of recognizing both oxidation and nitrosation events would be advantageous. Here we report that RSNOs impose a unique type of redox stress (one we term "nitrosative"), that E. coli rely on a metabolic pathway to disarm the nitrosative threat, and that transcriptional regulation by S-nitrosylation of OxyR serves as a switch in the cellular control mechanism.
Results

Induction of Hydroperoxidase I
S-nitrosocysteine (SNO-Cys) is taken up intact by cells (Jia et al., 1996) and is very effective at nitrosyl transfer (i.e., S-nitrosylation; Arnelle and Jia et type strain ( Figure 1B ), whereas oxyR mutant cells expressing the same transcriptional construct did not (data not shown). also correlated closely with bacterial growth rate, which was profoundly inhibited for 40 min after SNO-Cys treatment and which resumed thereafter to a rate similar to Glutathione Attenuates OxyR Activation control (data not shown). SNO-Cys transnitrosates glutathione (GSH). Intracellular GSH should, therefore, act as a sink for the NO group, since S-nitrosoglutathione (GSNO) is the more stable
Mechanism of OxyR Induction
The effects of SNO-Cys were compared to those of NO nitrosothiol (Arnelle and Stamler, 1995) . Indeed, 10 mM SNO-Cys, a level of RSNO comparable to that detected under stringent anaerobic conditions. NO (0.2 mM) did not induce HPI (p 5 0.17), whereas SNO-Cys (0.2 mM) in vivo during infection (Gaston et al., 1993) , increased HPI activity in the glutathione-deficient mutant JTG10; led to an approximately 20-fold increase in activity (p 5 0.0095; Figure 3A ). Neither 0.2 mM nitrite, 0.2 mM cysteinduction was approximately 20-fold at 200 mM ( Figure  2A ). The isogenic parental strain AB1157 showed a much ine, nor a volume of 0.05 N HCl (equal to that used for the SNO-Cys treatment) had an effect on HPI activity. lower degree of induction.
Importantly, the dose-and time-dependent increase Moreover, the induction of HPI by SNO-Cys was potentiated under anaerobic conditions in the GSH-deficient in HPI activity correlated well with the amount of HPI protein (Figures 2A and 2B) . The time course of induction mutant, when compared with the isogenic parent ( Figure Figure 2 . Glutathione Dependence of HPI Induction (A) Induction in GSH mutant strains. E. coli strains AB1157 (wild type) and JTG10 (gsh 2 ) were grown aerobically to an A600 of 0.4 and then treated with 10 mM-1.4 mM S-nitrosocysteine. After 80 min, the cells were harvested by centrifugation and the peroxidase activity in Figure 3 . Mechanism of Induction of HPI crude extracts was determined. The extracts were also subjected (A) Anaerobic induction by S-nitrosocysteine (SNO-Cys), but not by to immunoblot analysis using antiserum raised against HPI. The nitric oxide (NO). The GSH-deficient strain JTG10 was grown in an results are representative of two (wild type) or three (gsh 2 ) experianaerobic glove box to an A 600 of 0.4. Cultures were then treated ments. The differences between the two strains are significant as with NO, SNO-Cys, or NaNO 2 (0.2 mM). After 70 min, chloramphenidetermined by analysis of variance (p < 0.05). Significant inductions col (200 mg/ml) was added, and the cultures were incubated for an were seen with 10 mM SNO-Cys in the gsh 2 strain. Closed circle: additional 5 min before being removed from the glove box. The peroxidase activity, gsh 2 ; closed diamond: peroxidase activity, wild results are the mean plus or minus the standard deviation of three type; closed square: peroxidase content by immunoblot, gsh 2 . experiments. The asterisk indicates significant difference from the (B) Kinetics of HPI induction in the glutathione mutant JTG10. Induccontrol and all other treatments (p < 0.05). tion of peroxidase by SNO-Cys. Open circle: peroxidase activity, (B) Anaerobic induction of HPI is potentiated in a glutathione-deficontrol; open triangle: peroxidase activity, 0.5 mM SNO-Cys; closed cient mutant. The glutathione-deficient E. coli strain JTG10 and its circle: peroxidase content by immunoblots, control; closed triangle: isogenic wild-type AB1157 were grown in an anaerobic glove box peroxidase content by immunoblots, 0.5 mM SNO-Cys. Procedures and treated with SNO-Cys for 70 min. After a 5 min incubation with were as in (A). The results were verified in four experiments; SNOchloramphenicol, the cells were removed from the glove box and Cys-treated samples were different from controls by analysis of the peroxidase activity determined. The results are representative variance to p < 0.05.
of two experiments. 3B). Thus, the NO-buffer effect of GSH was maintained in the absence of oxygen. Taken together, these data S-nitrosylated in vivo, the protein was purified from OxyR-overexpressing cells following anaerobic treatsee Figure 4B ) was S-nitrosylated under stringent anaerobic conditions (see Experimental Procedures). The ment with SNO-Cys, according to established protocols (Storz et al., 1990; Storz and Altuvia, 1994) . Heparinconditions were designed to maximize the yield of RSNO and to prevent oxidation; the synthesis of SNO-OxyR Sepharose chromatography of cellular extracts showed that the elution of protein-SNO coincided with that of yielded a stoichiometry of approximately one S-NO group per molecule of OxyR (Table 2) , which is consisOxyR ( Figure 4A ). SDS-polyacrylamide gel electrophoresis (SDS-PAGE) confirmed that as many as five fractent with reports that one thiol is critical for activity.
Assays of SNO-OxyR activity showed that transcription tions of the Heparin-Sepharose eluate (shown for one of three different preparations) were pure OxyR (Figure from the katG promoter was stimulated ( Figure 4C ). Transcription was attenuated or absent after dithiothrei-4B). The stoichiometry of SNO/OxyR was 0.1-0.2 (i.e., approximately 100-200 nM S-nitroso-OxyR) at completiol (DTT) treatment of SNO-OxyR, consistent with a reductive cleavage of the S-NO bond. When anaerobition of the 24 hr purification protocol. S-nitroso-OxyR (SNO-OxyR) thus formed in vivo.
cally reduced OxyR was exposed to air in the transcription assays, it activated katG transcription. This activity To determine the effect of S-nitrosylation on OxyR activity, purified protein (i.e., a single band on SDS gels;
was partly inhibited by a high concentration of DTT. OxyR was reduced anaerobically with DTT. Following removal of DTT by dialysis, the protein was treated with 0.5 mM SNO-Cys. Excess SNO-Cys was removed by dialysis. The sample was then exposed to air (time 0) and RSNO content determined by photolysischemiluminescence. Protein concentration was determined from the absorbance at 280 nm after establishing an extinction coefficient by amino acid analysis (see Experimental Procedures).
Both the rapid autoxidation of OxyR and inability to reverse the activation completely are consistent with earlier reports (Storz et al., 1990; Kullik et al., 1995) . Some of the protein appeared to be in an oxidation state that is not amenable to DTT reduction. The fact that DTT reduction of SNO-OxyR decreased the activity to a greater extent than reduction of air-oxidized OxyR suggests that the SNO modification protects OxyR from irreversible oxidation.
RSNO Metabolism
RSNOs that formed intracellularly under anaerobic conditions were relatively stable. That is, they could be isolated and assayed for several hours after SNO-Cys treatment (see Table 1 ; Figure 4A ). In contrast, RSNOs were degraded rapidly aerobically. By 60 min following treatment, levels were virtually undetectable in cell extracts or culture supernatants. The mechanism of RSNO degradation was then further explored. As shown in Figure 5A , SNO-Cys has a half-life in the bacterial growth medium of about 30 min. When SNO-Cys was added to growth medium containing 5 mM GSH (the intracellular concentration), the half-life of RSNOs in- The latter also formed during SNO-Cys decomposition ml of the bacterial growth medium in a 125 ml Erlenmeyer flask, containing either no further additions, 5 mM GSH, or exponentially in E. coli (see Table 1 ). Accordingly, the rate of RSNO ), a dramatic accumulation of wild-type strain ( Figure 6 ). Moreover, growth of both the wild-type and oxyR 2 mutant was initially inhibited by SNO-Cys, but the wild-type strain recovered faster (Figure 6) . Thus, OxyR is, at least partly, responsible for resistance to RSNOs in E. coli.
The analogous cellular response to H 2 O 2 and RSNOs in E. coli suggested that catalase, which dismutates H 2 O 2 , might confer some protection against RSNOs as well. Interestingly, mutant strains deficient in catalase (UM1) were found to be slightly more susceptible to SNO-Cys than their isogenic wild types (CSH7). However, this hypersusceptibility was only seen under aerobic conditions (data not shown). To elucidate further the mechanism of this effect, catalase was purified from E. coli after induction with SNO-Cys. Incubations of purified enzyme did not enhance catalysis of RSNO decomposition (data not shown).
Discussion
The activation of antioxidant enzymes by the prokaryotic transcription factor OxyR in response to H 2 O 2 is well characterized (Storz et al., 1990; Toledano et al., 1994; Kullik et al., 1995) . H2O2 has been shown to induce catalase activity 3-8-fold (Richter and Loewen, 1981; Christman et al., 1985; Mukhopadhyay and Schellhorn, 1994 ). Here we show that SNO-Cys induces a comparable increase in enzyme activity. Moreover, the adaptive response to SNO-Cys was markedly potentiated by glutathione deficiency, a physiological correlate of oxidative stress. Unlike H 2 O 2 , however, RSNO effects appear to be mediated by nitrosation rather than oxidation. Specifically, nitrosation contributes to depletion of intracellular thiol, and S-nitrosylation of OxyR appears to serve as the functional switch in the activation of OxyR-controlled genes.
S-Nitrosylation Activates OxyR
When OxyR is purified aerobically, it is in an active form. Treatment with reductant inactivates OxyR (Storz et al., 1990; Kullik et al., 1995) . Likewise, posttranslational HPI protein were more pronounced in a glutathionewas verified in six additional experiments by comparing the relative deficient mutant. This is consistent with glutathione beincrease in turbidity between the wild type and the oxyR 2 mutant ing the major NO group acceptor in E. coli. GSNO is at the time of treatment and 60 min thereafter (p < 0.05 by t test).
characterized by lower reactivity than S-nitrosocysteine, from which it is formed (Meyer et al., 1994; Arnelle and Stamler, 1995) . Thus, GSNO functions in this context as NO2 2 in the oxyR 2 mutant was apparent ( Figures 5B  and 5C ).
an NO sink rather than as an NO donor and thereby confers protection against nitrosative stress. On the other hand, deficiency of glutathione will predispose to OxyR Protection Against RSNOs As SNO-Cys is metabolized differently in OxyR-compe-S-nitrosylation of other thiol-containing targets, including the critical cysteine residue in OxyR. tent and -deficient organisms, it was of interest to determine if this manifests at the level of growth inhibition.
Second, the induction of HPI by SNO-Cys was also observed in the absence of oxygen. This condition exIndeed, SNO-Cys was found to have a greater inhibitory effect on the growth of the oxyR 2 mutant than on the cludes the possibility that sulfenic acid derivatization of OxyR, as mediated by H2O2, might contribute to activaInduction of antioxidant genes in response to RSNOs is protective in E. coli, based on the observation that tion. Chemical induction of catalase under anaerobic conditions has been previously reported (Privalle and there is more pronounced growth inhibition in OxyR and catalase mutants than in their isogenic wild types. The Fridovich, 1990), but the physiological relevance is unclear. Anaerobic induction by naturally occuring RSNOs question arises as to how resistance is conferred. Importantly, the rate of RSNO breakdown was enhanced by (Stamler et al., 1992b; Gaston et al., 1993; Clancy et al., 1994; Scharfstein et al., 1994) suggests that the paracells (suggestive of an enzymatic pathway) but not altered in any of the mutants or by purified preparations digm of OxyR regulation should be extended to include oxygen-independent stress. of bacterial catalase (HPI). Thus, while the RSNOmetabolizing activity may be an important mechanism Third, nitric oxide (NO • ) failed to induce HPI under anaerobic conditions. Actions of RSNOs that are not of microbial defense, it appears to be unrelated to OxyR. Moreover, it is this activity that explains the relative mimicked by NO
• in general, and anaerobically in particular, are best rationalized by nitrosative (NO 1 transfer) resistance of bacteria to RSNOs under aerobic conditions. Specifically, RSNOs accumulated intracellularly chemistry (Stamler et al., 1992a; Stamler, 1994) . That SNO-Cys activated OxyR by a mechanism other than in both wild-type and mutant strains under anaerobic conditions but were rapidly metabolized in the presence S-nitrosylation seems unlikely. On the other hand, NO
• has been shown to induce the manganese-containing of O 2 . Taken together, these results indicate that the first and rate-limiting step in E. coli metabolism of RSNOs is superoxide dismutase (MnSOD) in E. coli under anaerobic conditions, presumably via its interaction with the dependent on O 2 but independent of OxyR. The protection against RSNOs conferred by OxyR was iron-sulfur center of the transcription factor SoxR Hidalgo and Demple, 1994 ; Wu only seen aerobically. This is well rationalized by the existence of a second oxygen-dependent step by which et . To the extent that SNO-Cys serves as an NO
• donor (Arnelle and Stamler, OxyR determines the ultimate metabolic fate of RSNOs. Specifically, the OxyR mutant accumulated NO 2 2 , while 1995), it also induces MnSOD (data not shown). These data demonstrate, on the transcriptional level, that difthe wild type did not. The importance of OxyR is thus seemingly made apparent, as NO2 2 is toxic to bacteria ferences in NO
• /NO 1 reactivity manifest in their recognition by different metal-and thiol-containing proteins. (Castellani and Niven, 1955; Mirna and Hoffmann, 1969; Johnson and Loynes, 1971) ; this is presumably a conse- Privalle and Fridovich (1988) reported that nitrate can induce MnSOD and catalase when nitrate reductase is quence of its participation in nitrosative and oxidative events. Moreover, known interactions between NO 2 2 , expressed. The E. coli enzyme both generates NO and catalyzes nitrosation reactions (Ji and Hollocher, 1989) .
H 2 O 2 , and peroxidases (Chance, 1952; Roman and Dunford, 1972; Klebanoff, 1993) suggest potential mechaAccordingly, the inductions by nitrate may have been caused by nitrosylation of SoxR and OxyR.
nisms of OxyR/catalase protection. For example, interactions between NO 2 2 and H 2 O 2 can lead to formation Finally, we showed that OxyR can be S-nitrosylated in intact cells. The in vivo identification of SNO-OxyR of peroxynitrite, which is highly toxic to bacteria (Brunelli et al., 1995) . Maintaining an enviroment free of H 2 O 2 , was made in a strain that overexpresses OxyR, owing to the sensitivity limits of our assays. However, we deby upregulation of HPI, might thereby protect against RSNOs. In addition, peroxidases can support the oxidatected S-nitrosylated peptides and proteins in normal cells as well. It is reasonable to assume that SNO-OxyR tion of NO2 2 to NO3 2 once activated by H2O2 (Chance, 1952; Roman and Dunford, 1972) . Perhaps this explains is formed in cells expressing normal levels of the transcription factor. why the oxyR 2 mutant, but not its parental strain, accumulates NO2 2 after RSNO treatment. If borne out experimentally, H2O2/catalase would constitute a mechanism RSNO Metabolism The growth-inhibitory effects of RSNOs in bacteria are for detoxification of RSNOs under aerobic conditions (Klebanoff, 1993) . Additional studies are required to dewell established DeGroote and Fang, 1995; DeGroote et al., 1996) . In Bacillus cereus, bacterial termine if NO 2 2 accumulation derives from a block in its conversion to NO 3 2 or to ammonia or to both. membrane sulfhydryl groups are the targets of the bacteriostatic actions of RSNOs (Morris et al., 1984) . In con- recently reported that a katGkatE mutant of S. typhimurium does not show increased trast, Salmonella mutants deficient in active peptide transport are highly resistant to GSNO, indicating that sensitivity towards GSNO. The apparent discordance with our results is more than likely explained by the uptake of RSNO is required for cytotoxicity and that targets of S-nitrosylation are intracellular (DeGroote et different bacteria used, differences in strain background, different measures of cytotoxicity, or by difal., 1995) . In support of this contention, NO itself has been found to be neither bacteriostatic nor bactericidal ferences in the actions and metabolism of GSNO and SNO-Cys. For example, GSNO cytotoxicity relies on exin Salmonella . The scenario may be similar in E. coli, where NO appears to be well tolertracellular cleavage of a g-glutamyl residue, followed by uptake of the dipeptide S-nitrosocysteinylglycine (Deated (Brunelli et al., 1995) , but SNO-Cys is profoundly bacteriostatic. Although we find that S-nitrosylation of Groote et al., 1995) . The metabolic fate of the dipeptide RSNO may be quite different from that of SNO-Cys, intracellular targets is involved in the cellular response of E. coli, we do not exclude the possibility that covalent which presumably functions independently of the g-glutamyl cycle. modification of the bacterial membrane contributes to bacterial compromise or that molecular recognition of SNO-Cys inhibits GSH synthesis, whereas GSNO does not (Han et al., 1995) . This might explain some of RSNOs may occur at the cell surface. H2O2-induced oxidation of cellular targets leads to cellular damage. Oxidative stress is reflected in a decrease in glutathione (the first line of defense) and is countered by upregulation of resistance genes under control of OxyR. The sensor and regulator function (switch) controlling gene expression is the oxidation of a critical thiol in the transcription factor, presumably to a sulfenic acid. By analogy, RSNOs impair cellular functions by nitrosation of cellular targets. Nitrosative stress is reflected by depletion of intracellular glutathione and countered, at least in part, by induction of OxyR-controlled genes. S-nitrosylation of OxyR appears to be the functional switch regulating gene expression. As in the case for H 2 O 2 , OxyR-independent activities also participate in RSNO metabolism (see text).
the decrease in total GSH upon SNO-Cys treatment (Castro et al., 1994) , and ribonucleotide reductase (Roy et al., 1995) . However, in the case of RSNOs, nitrosation, (Table 1) ; GSNO export is another possibility for which there is recent precedent (Jia et al., 1996) . Mechanism not oxidation, of critical protein thiols accounts for the pronounced growth inhibition. In the face of nitrosative aside, an intriguing scenario arises in which nitrosative stress imposes a secondary oxidative threat by disarmchallenge, E. coli appear to have adapted a sensor that responds to the nature of the threat, namely S-nitrosylaing the bacterial defense machinery and emphasizes the selective advantage of inducing antioxidative genes tion. Figure 7 summarizes the effects of H2O2 and RSNO in a bacterial cell with respect to intracellular targets and in response to RSNOs.
These studies also highlight the fact that induction of the adaptive oxidative and nitrosative stress responses, respectively. Inasmuch as nitrosative and oxidative OxyR alone does not afford complete protection. Glutathione as well as other resistance genes are operative stress is synergistic (Klebanoff, 1993; Nathan, 1995) , the induction of a common defense mechanism (e.g., OxyR) in defense against RSNOs (DeGroote et al., 1996) . It will be interesting to see if the SNO-Cys metabolizing makes good sense. In summary, we have found, first, that SNO-Cys imactivity is a specific genetic response to NO-derived species in general or to SNO-Cys in particular.
poses a nitrosative threat to E. coli that is distinct from classical oxidative stress imposed by reactive oxygen species; second, that the defense countering this chalNitrosative Versus Oxidative Stress Many thiol and iron-sulfur centers functioning in cellular lenge includes glutathione as well as other factors controlling both the rate of RSNO breakdown and its metacontrol mechanisms are particularly susceptible to oxidative damage. Cells have therefore adopted a system bolic fate; and, third, that the latter is partly under the control of OxyR and can be activated by S-nitrosylation. for molecular recognition of such oxidative events (Demple and Amábile-Cuevas, 1991) , in which the same thiol Our studies thus identify RSNO-responsive genes, suggest that S-nitrosylation serves as a functional switch and iron-sulfur centers serve as sensors in stressresponse proteins. This enables the cell to recognize a in control of gene expression, and provide novel insights into pathways of bacterial resistance. We suggest that specific type of oxidative stress and to respond in kind with upregulation of highly specialized resistance genes.
these signaling pathways and resistance mechanisms, in their broadest sense, may be shared by other cells. Consider, for example, the case of H 2 O 2 , which exhibits a reactive predilection for thiol. This redox threat is sensed through the oxidation of an allosteric thiol in OxyR that
Experimental Procedures
promotes the conformational change required for transcriptional initiation (Toledano et al., 1994) . Catalase is RK4936 (araD139, flbB5301, relA1, rpsL150, metE70,  one of several proteins synthesized to ameliorate the The parallels between the H2O2 and RSNO responses rpsL supE44 ara-14 xyl-15 mtl-1 tsx-33) was provided by Dr. J. Imlay, are remarkable. RSNOs also compromise glutathione and JTG10 (as AB1157 but gshA::Tn10Km) was initally obtained from Dr. B. Demple (Greenberg and Demple, 1986) . CSH7 (lacY rps-L levels but through nitrosation rather than oxidation. This thi-1) and UM1 (as CSH7 but katE1 katG14) were obtained from Dr.
Bacterial Strains and Plasmids
distinction is highlighted by the ability of RSNOs to lower P. Loewen (Loewen, 1984) . The OxyR-overexpressing strain D1210/ free thiol levels under anaerobic conditions. Moreover, pAQ25 was provided by Dr. G. Storz (Storz et al., 1990 (Little and O'Brien, 1969; Mohr et al., 1996) , aconitase and TA4112 (oxyR 2 ), and transformants were selected on Luriaby intact cells, the assay was performed directly on aliquots of exponentially growing cultures (A 600 5 0.2-0.4). To correct for the Bertani (LB)-ampicillin plates.
turbidity introduced by adding intact cells, absorbance readings at 650 nm were subtracted from the readings at 540 nm. The half-life Reagents of RSNOs was calculated assuming first-order kinetics of RSNO SNO-Cys and saturated solutions of NO were prepared as predecay. Bacterial growth was monitored as the absorbance at viously described (Feelisch and Stamler, 1996) . Polyclonal antiserum 600 nm. to E. coli HPI was provided by Dr. P. Loewen. NO x Determinations NO 2 2 was measured by the Griess reaction using the intact cell assay Culture described above. NO 2 2 and NO3 2 were measured simultaneously in Routine manipulations and storage of bacteria were carried out in supernatants of cultures after SNO-Cys treatment by high perfor-LB medium or LB agar plates. For SNO-Cys and H 2O2 treatments, mance capillary electrophoresis (Applied Biosystems) as described a minimal salt medium was used, containing per liter 16.08 g in Feelisch and Stamler (1996) . Na 2HPO4, 4.49 g KH2PO4, 1.0 g (NH4)2SO4, 0.2% casamino acids, and 0.5 g sodium citrate in deionized water (pH 7.0), 0.2% glucose, 1
Purification of HPI mM MgSO4, and 0.1 mM CaCl2. Thiamine-HCl (40 mg/ml) and ampi-HPI was purified from a crude extract derived from 2 l of an exponencillin (50 mg/ml) were added when needed. Aerobic growth was tially growing culture of AB1157 in LB medium. The French-pressed performed at 378C in a water bath with shaking at 200 rpm. Anaerobic and centrifuged extract (10 ml) in 50 mM Tris-HCl (pH 7.5), containing growth was performed in a glove box under an atmosphere of 85% 0.1 mM EDTA (buffer A), was applied to a MonoQ HR 16/10 column N2, 10% CO2, and 5% H2 (Coy Laboratory Products). Traces of O2 (Pharmacia). HPI was eluted with a linear gradient from 0 to 0.5 M were continously removed by venting the atmosphere over a Pd NaCl in buffer A. Fractions containing catalase and peroxidase activcatalyst. Growth medium, solvents, and starter cultures of bacteria ity were pooled, brought to 1 M (NH 4 ) 2 SO 4 , and applied to a Phenyl were equilibrated in the anaerobic chamber for at least 18 hr before Sepharose HR5/5 column (Pharmacia), equilibrated in buffer A, conbeing used in experiments. Bacteria were grown in an incubator at taining 1 M (NH4)2SO4. HPI was eluted with a linear gradient from 1 378C without shaking.
M to 0 M (NH4)2SO4 in buffer A. Fractions containing activity were pooled, concentrated by ultrafiltration to 0.2 ml (Amicon PM30 memTreatments and Harvest brane), applied to a Superdex 200 HR 10/30 column (Pharmacia), Media were inoculated with 2% of overnight cultures, grown to midand eluted with buffer A. One fraction contained pure HPI, as judged exponential phase (A 600 5 0.4-0.5) and then treated with the desired by SDS-PAGE, and was used as a standard in immunoblots as well amounts of SNO-Cys or H 2O2. At indicated times, the cells were as to study the effects of HPI on RSNOs. placed on ice, harvested by centrifugation (10,000 3 g), and resuspended in 0.1 M potassium phosphate buffer (pH 6.0), containing Purification and S-Nitrosylation of OxyR 0.1 mM EDTA. After a second centrifugation, the cell pellets were Purification stored at 2208C overnight. When anaerobic cultures were to be OxyR protein was purified from the overexpressing strain D1210 harvested, 200 mg/ml of chloramphenicol was added to the samples, carrying the plasmid pAQ25 with the oxyR coding region cloned and the cultures were incubated for an additional 5 min before being behind the tac promoter (Storz et al., 1990) . Cells (2 l cultures) were removed from the glove box and placed on ice. For time course grown to mid-exponential phase (A 600 5 0.5-0.7), treated with 1 mM experiments, 200 mg/ml of chloramphenicol was added immediately isopropyl-b-D-thiogalactopyranoside, and grown for an additional after taking the samples, and the harvest was performed as de-16 hr. In some cases, cells were treated anaerobically with 0.5 mM scribed above. The cells were homogenized in 1.0 ml of 0.1 M SNO-Cys for 30 min before harvest. Sample preparation and Hepapotassium phosphate buffer (pH 6.0), containing 0.1 mM EDTA, by rin-Sepharose chromatography were done as outlined by Storz and two passes through a French Pressure cell at 20,000 lb/in 2 . The Altuvia (1994). The fractions were screened for RSNO by photolysiscrude extract, obtained after centrifugation at 17,000 3 g, was used chemiluminescence (Stamler et al., 1992b , Gaston et al., 1993 ) and for measuring HPI activity, GSH, total sulfhydryl, and RSNO confor OxyR protein by the appearance of a 34 kDa band on SDS-PAGE. tents. Aliquots of the crude extracts were frozen in a dry ice/ethanol OxyR-containing fractions that showed more than one band on SDS bath and stored at 2808C until they were used for immunoblots. gels were further purified as described by Storz and Altuvia (1994) . For b-galactosidase determinations, overnight cultures of RK4936 OxyR was stored aerobically at 48C until in vitro transcription assays and TA4112 carrying plasmid pRSkatG2 were grown in LB medium were performed. supplemented with ampicillin. These were subcultured into LB-S-Nitrosylation of OxyR ampicillin at 1:100 dilution, and the cultures were incubated at 378C Anaerobic S-nitrosylation was performed immediately prior to in with vigorous shaking. When the A 600 had reached 0.2-0.3, H2O2 or vitro transcription in a glove box, by treatment with 200 mM DTT SNO-Cys were added to final concentrations of 60 mM and 0.5 mM, for 30 min at room temperature, followed by dialysis against buffer respectively.
A, containing 0.5 M KCl, until the dialysis buffer was free of DTNBtitratable SH groups. Aliquots were removed from the dialysis bags Assays and transferred into septum-sealed vials (reduced OxyR). The reHydroperoxidase I maining sample was treated for 15 min with 0.1 mM SNO-Cys, The peroxidase activity of HPI was measured in 50 mM potassium and dialysis was continued until excess SNO-Cys was removed phosphate buffer (pH 7.5), containing 0.1 mM EDTA, 10 mM H2O2, (SNO-OxyR). The samples were sealed, removed from the glove box, and 0.2 mg/ml o-dianisidine by measuring the increase in aband used for in vitro transcription reactions within 2 hr. Subsequent sorbance at 460 nm (Clairborne and Fridovich, 1979 ). An extinction sample processing and in vitro transcription assays were done aerocoefficient of 11.3 mM 21 cm 21 was used to calculate the specific bically. activity (Worthington, 1993) .
Protein Concentration b-galactosidase
Protein concentration was determined either by the Bradford The level of b-galactosidase activity was determined as described method or by the absorbance at 280 nm, after establishing an extincby Miller (1972) . Protein was determined by the method of Lowry tion coefficient by amino acid analysis (1 OD at 280 nm corresponds (Lowry et al., 1951) .
to 24 mM oxyR). The stoichiometry of OxyR S-nitrosylation was Sulfhydryls based on this extinction coefficient. Glutathione in the crude extracts was determined by the method of Griffith (1980) and sulfhydryl groups with 0.6 mM 5,59-dithio-bis-(2-nitrobenzoic acid).
In Vitro Transcription and Primer Extension
In vitro transcription reactions were performed with anaerobically RSNOs RSNOs were measured by the Saville assay (Feelisch and Stamler, reduced oxyR that was then air-exposed (oxidized OxyR), or OxyR that was S-nitrosylated (SNO-OxyR) and then air-exposed. In vitro 1996), following verification of their presence by chemiluminescence (Gaston et al., 1993) . To measure the decomposition of RSNOs transcription reactions (using plasmid pBT22, a gift of Dr. P. Loewen)
